4
N and contaminant concentration reflecting salmon as a significant source of both PCB and Hg. Last, we expected that specific attributes of the environmental context, which modify background watershed contaminant levels, enhance retention of salmon carcasses and eggs, and influence stream resident diet or behavior would control the uptake and bioaccumulation of biotransported contaminants by resident fish.
Materials and methods

Study sites
We sampled Pacific salmon and stream-resident fish during fall of 2013 and 2014 from 13 watersheds in the Lake Michigan and Lake Huron drainage basins of the Upper Great Lakes (Fig. 1 , Table 1 ). Within each watershed, we selected one 300-m stream reach accessible (salmon reach) and one 300-m reach inaccessible (reference reach) to Pacific salmon (cf. Janetski et al., 2012). Reference reaches were located in adjacent streams within the same watershed or upstream of dams within the same stream that served as salmon barriers. Reference sites were intended to control for non-salmon pollutant inputs. Sites represented a gradient of salmon spawner densities, stream characteristics, and landscape conditions representative of streams throughout the study area (Table S1 ). Each tributary accessible to salmon received a fall run of Chinook (Oncorhynchus tshawytscha) and coho (Oncorhynchus kisutch) salmon. Chinook salmon were the predominant spawners in our study streams. We sampled stream-resident fish species representative of the cold-water fish community, including brook trout (Salvelinus fontinalis), brown trout (Salmo trutta), mottled sculpin (Cottus bairdii), and rainbow trout (Oncorhynchus mykiss), although they were not always present at each sampling location (Table   1 ). All fish were collected using standard fisheries techniques including backpack electrofishing (cf. Pepino et al., 2012) . Salmon were collected during the peak of the run in early-mid October and resident fish were collected 45-60 days after the spawning run peaked.
Environmental site characterization
A suite of biological, chemical, and physical variables was measured during stream habitat surveys conducted in September 2014 (Table S1 ). To determine watershed characteristics, a Geographic Information System (GIS) was used to measure watershed land cover (% Forested, % Wetland, % Developed) and watershed area (km 2 , Table S1 ) from the National Land Cover Ottawa, ON). Dry weight Hg concentration was converted to wet weight concentrations using the percent water content of each homogenized sample and expressed as ng/g wet weight.
Quality control measures, including blanks, matrix spikes, matrix spiked duplicates, and standards were analyzed to ensure precision and accuracy of analyses. Percent recovery from DORM-4 standard was 100.6 ± 6.8% and the detection limit was 0.2 ng/g. ANCOVA were assessed visually using plots of residuals (Zar, 2010) , and all data was logtransformed prior to statistical analysis due to heteroscedasticity. All statistical analyses were performed using the R software platform (https://cran.r-project.org/).
To assess whether uptake of salmon-derived contaminants by stream-resident fish was Model selection was performed using the MuMIn package in the R software platform (Barton, 2012; https://cran.r-project.org/).
Results
Contaminant source: salmon isotope and contaminant patterns
Pacific salmon eggs and tissue had elevated δ 15 N and δ 13 C relative to stream-resident fish, irrespective of location (ANOVA, δ 15 N p<0.001, δ 13 C p<0.001, Table 2 ). Contaminant accumulation in Pacific salmon exhibited a strong interaction between contaminant and tissue type (ANOVA, p<0.001, Fig. 2 ). Salmon eggs had 1.2-fold higher PCB concentrations relative to whole body concentrations. In contrast, Hg concentrations in salmon eggs were 15-fold lower than were whole body Hg concentrations. Overall, our results suggest that contaminant accumulation in salmon is dependent on the contaminant and tissue type considered.
Contaminant recipient: stream-resident fish isotope and contaminant patterns
The Table 2 ). However, only brown trout exhibited a significant positive interaction between δ 15 N and salmon presence (Fig. 4 , Table 2 ). Across species, mean stream-resident fish PCB concentrations in locations with salmon were 205.4 ± 23.4 ng/g (mean ± SE) compared to 7.4 ± 0.5 ng/g in locations without salmon. The magnitude of this effect differed strongly among species (Table 2) . Brown trout were 57-fold, rainbow trout were 29-fold, brook trout were 18-fold, and mottled sculpin were 8-fold more contaminated with PCBs in locations with salmon runs (Fig. 4) .
Contrary to PCBs, we found no consistent relationship between Hg concentration and δ 15 N, either among locations or among stream-resident fish species (Fig. 4 , Table 2 ). Brown trout again exhibited a significant interaction between δ 15 N and salmon presence. In locations with salmon, Hg concentrations in brown trout decreased as δ 15 N increased, in locations without salmon, brown trout Hg concentrations increased with increasing δ 15 N (Fig. 4 , Table 2 ). Brook trout Hg concentrations exhibited a similar, albeit non-significant, pattern to brown trout (Fig. 4) .
We found no evidence that salmon spawners increased stream-resident fish Hg concentrations.
Across species, stream-resident fish exhibited similar or lower Hg concentrations in locations with salmon (70.8 ± 3.54 ng/g, mean ± SE) compared to locations without salmon (83.1 ± 4.1 ng/g, Fig. 3 ).
Contaminant biotransport in relation to environmental context
Specific biological characteristics appeared to modulate the uptake and incorporation of salmon-derived contaminants by stream-resident fish. Stream-resident PCB concentrations were best explained by the interaction between species identity and salmon-derived PCB flux, and δ 13 C (Table 3, Table S3 ). This model received a high AICc wi (0.58) and explained a large proportion of variation (pseudo-R 2 =0.85) in stream-resident fish PCB concentrations (Table 3) .
Furthermore, PCB concentrations of all stream-resident fish species exhibited a positive, saturating relationship with salmon PCB flux into the system (Fig. 5) . Stream-resident fish PCB concentrations were also positively related to δ 13 C, which better explained patterns than δ 15 N (Table 3) . The second ranked model also received a high AICc wi, and was similar to the top model except that the instream volume of large wood was included as a covariate rather than δ 13 C (Table 3) . Overall, every model with an AICc less than 10 included the species identitysalmon PCB flux interaction. Physical or chemical variables including watershed area, stream temperature, percent forested land cover, and stream substrate size, were selected in 4 of 6 models with an AICc < 10 (Table 4) . However, each of these models had low AICc wi, low variable importance (0.02-0.04), and did not improve the proportion of variance explained by the model (Table S3 ), suggesting that their inclusion in the model did not substantially increase the model's explanatory power.
Factors that influenced Hg concentrations were distinct from those that affected PCB concentrations in stream-resident fish. The Hg concentration of stream-resident fish was best explained by the interaction between fish length and salmon-derived Hg flux, species identity, and the random effect of location (Table 3) . The top Hg model received a high AICc wi, but explained a much smaller proportion of variance when compared to the top PCB model (Table 3,   Table S3 ; pseudo R 2 = 0.32). In contrast to the PCB model, salmon-mediated Hg flux did not directly influence stream-resident fish Hg concentrations (Table 3 , Fig 5) . The interaction between stream-resident fish length and salmon-derived Hg flux indicated that at low Hg fluxes, stream-resident fish Hg concentrations increased with increasing fish length (Fig. 6) . However, as the flux of Hg supplied by salmon increased, Hg concentration in stream-resident fish decreased with increasing fish length. Other models that included biological, chemical, or physical covariates received low AICc wi and were not considered for additional inference (Table   3) .
Discussion
This study used both a persistent organic pollutant and a heavy metal to understand the influence of salmon-mediated contaminant biotransport on the bioaccumulation of streamresident fish. Stream-resident fish from locations with salmon had higher PCB concentrations 
Contaminant biotransport models revised
The process of contaminant biotransport is defined by several steps including: (1) the contaminant is bioaccumulated by a migratory organism; (2) the contaminant is transported across an ecosystem boundary; and (3) the contaminant is deposited into the recipient ecosystem We propose that this model should be modified to include an additional step focused on factors which influence the uptake and subsequent bioaccumulation of contaminants by resident organisms in the recipient ecosystem (Fig. 7) .
Specifically, a hierarchy of factors determines the effect that migratory animals will have on resident organisms, either magnifying or modulating bioaccumlation. First, the abundance and Figure 1 . Location of 13 watersheds sampled to evaluate the mediating role of environmental context on salmon contaminant biotransport. See Table 1 and S1 for watershed covariates. Table 3 for species and contaminant specific ANCOVA results. 2007) as a threestep process whereby a contaminant is bioaccumulated, moved, and deposited into a recipient ecosystem by a migratory organism. Here we revise this model and add a fourth step focused on the processes of contaminant uptake by resident organisms.
